Abstract: Pervious concretes, as sustainable pavement materials, have great advantages in addressing a number of environmental issues. Fly ash, as the industrial by-product waste, is the most commonly used as cement substitute in concrete. The objective of this paper is to study the effects of waste fly ash on properties of pervious concrete. Fly ash was used to replace cement with equivalent volume method at different levels (3%, 6%, 9%, and 12%). The control pervious concrete and fly ash modified pervious concrete were prepared in the laboratory. The porosity, permeability, compressive strength, flexural strength, and freeze-thaw resistance of all mixtures were tested. The results indicated that the addition of fly ash decreased the early-age (28 d) compressive strength and flexural strength, but the long-term (150 d) compressive strength and flexural strength of fly ash modified pervious concrete were higher than that of the early-age. The adverse effect of fly ash on freeze-thaw resistance of pervious concrete was observed when the fly ash was added. The porosity and permeability of all pervious concrete mixtures changed little with the content of fly ash due to the use of equal volume replacement method. Although fly ash is not positive to the properties of pervious concrete, it is still feasible to apply fly ash as a substitute for cement in pervious concrete.
Introduction
Pervious pavement plays an important role in urban rainwater management system. At the same time, it is of great significance to the future development of the urbanization [1] . In urban construction, large area of the city's original soil surface has been coated with cement, concrete, and other impervious surfaces [2] . The public places such as sidewalks, open-air parking lots and square, were also covered by stone or cement brick. Impervious surface has a significant adverse impact on urban ecology and climate environment while improving traffic and road conditions and beautifying the environment [3] [4] [5] . In general, summer is a season of heavy rains in China. The serious water accumulation has been occurred in many cities, which caused many disasters, such as traffic jams, power outages, and flooded houses [6] [7] [8] . The main reason for this is that the urban road surface is impervious [9] . The pervious pavement is an effective method to balance the urban ecosystem. The rainwater can penetrate into the ground from the pervious pavement and cause the groundwater level to rise rapidly [10] . The pervious pavement is the connecting passage between the underground and the ground, so that the ground is warm in winter and cool in summer, which can increase the comfort of urban living [11] . In addition, due to the large number of pores and large specific surface area of pervious pavement, it has strong adsorption capacity for dust, which can reduce dust pollution.
concrete. The results indicated the early-age strength and durability of fly ash concrete were insufficient, but the long-term strength and durability were improved. The freeze-thaw resistance of high-performance concrete (HPC) modified by fly ash was investigated by Ma et al. [28] , the result indicated the fly ash improved the freeze-thaw durability of HPC. In summary, fly ash has positive effect on the long-term mechanical property and durability of concrete, but it is negative for early-age strength.
However, the application of fly ash in pervious concrete is not as extensive as in ordinary concrete and the related researches are few. Muthaiyan and Thirumalai [29] studied the strength properties of pervious concrete modified by fly ash. The fly ash was used to replace cement at 10% and 20% levels, and the results showed that 28 d compressive strength and flexural strength of fly ash modified pervious concrete were significantly reduced, especially the mixture with 20% fly ash. Aoki et al. [30] investigated the compressive strength and permeability of pervious concrete modified by fly ash and the cement replacement levels were 20% and 50%. The compressive strengths of 20% and 50% fly ash modified pervious concrete decreased 12.7% and 43.7%, respectively. The permeability of pervious concrete was not affected by the addition of fly ash. Zaetang et al. [31] studied the fly ash modified pervious cement concrete. The cement was replaced by fly ash at different levels (85, 90, 95, and 100%), the compressive strength and splitting tensile strength at the age of seven days were tested. The results indicated that the compressive strength and splitting tensile strength of fly ash modified pervious concrete decreased with the increasing fly ash content. When the fly ash content was 100%, the maximum compressive strength and splitting tensile strength were 5.9 MPa and 0.74 MPa, respectively. Peng et al. [32] investigated the compressive strength of fly ash modified pervious concrete at the age of 28 and 60 days with fly ash content of 30%. The obvious decrease in compressive strength at 28 d was observed compared to the control mixture. Compressive strength at 60d was comparable to the control group. The adverse effects of fly ash on the strength of pervious concrete were also reported by other researchers [33, 34] .
At present, the application of fly ash in ordinary concrete has been extensively studied. However, studies on the effects of fly ash on the properties of pervious concrete are relatively few, and the existing studies were mainly focused on the early-age (generally 28 d) properties of fly ash modified pervious concrete. The long-term (60d, 90d, etc.) performance of fly ash modified pervious concrete has rarely been reported. Additionally, the freeze-thaw durability of fly ash modified pervious concrete was not studied extensively. Therefore, it is necessary to carry out research to investigate the strength properties at different ages and freeze-thaw durability of fly ash modified pervious concrete. Based on the previous researches conducted by our group [35, 36] , in order to evaluate the strength time-varying and freeze-thaw durability of fly ash modified pervious concrete, pervious concrete modified by fly ash was prepared with equivalent volume method, the porosity, permeability, strength at different ages and freeze-thaw durability of fly ash modified pervious concrete with different fly ash incorporation levels were studied. The conclusions obtained in this paper are helpful to understand the strength development with age and freeze-thaw durability of fly ash modified pervious concrete, and will provide reference for the research and application of fly ash in pervious concrete.
Materials and Methods

Materials
The raw materials used in the study were coarse aggregate, cement, fly ash, water, and superplasticizer. The type, size, and physical properties of coarse aggregate are shown in Table 1 . Portland cement (P.O 42.5) was obtained from Jilin Yatai Cement Co., Ltd. (Jilin, China), and its physical properties are shown in Table 2 . Fly ash of class C, with the density of 1988 kg/m 3 , was purchased from Changchun FAW Co., Ltd. (Jilin, China). The chemical compositions of Portland cement and fly ash are shown in Table 3 . The polycarboxylic acid superplasticizer produced by Shanxi Qinfen Building Material Co., Ltd. (Shanxi, China), was used to improve the workability of pervious concrete. 
Mix Design
The mix of pervious concrete was designed with the volume method in accordance with the Chinese national standard CJJ/T 135-2009 [37] . Fly ash modified previous concrete was prepared in the experiment. In addition, pervious concrete without fly ash was prepared as the control pervious concrete. Fly ash was incorporated at different levels to partially replace the cement with equivalent volume method. The replacement levels were 3%, 6%, 9%, and 12%, respectively. In our previous work [35] , the effects of porosity, water to binder ratio and coarse aggregate size on the strength properties, permeability and freeze-thaw resistance of pervious concrete have been studied with orthogonal experiment and the mix ratio of pervious concrete has been optimized. The optimum mix ratio was coarse aggregate size of 4.75-9.5 mm, porosity of 15%, and water to binder ratio of 0.30, and this mix ratio was used in this study. In order to improve workability of pervious concrete, superplasticizer was used and the dosage was 0.8% of the cementitious material mass. The mix proportions are shown in Table 4 . 
Specimen Preparation
According to the experiments, 100 × 100 × 400 mm prismatic specimen and 100 × 100 × 100 mm cubic specimen were prepared. In the control group, three prismatic specimens for 28 d-flexural strength, three cubic specimens for porosity, permeability and 28 d-compressive strength, and twelve cubic specimens for freeze-thaw cycles were needed. In the fly ash modified group, in addition to the same specimen as the control group, additional three prismatic specimens for 150 d-flexural strength and three cubic specimens for 150 d-compressive strength of each group were prepared. A total of 87 cubic specimens and 27 prismatic specimens were prepared in the lab for the experiments. The specimen curing conditions of different tests are shown in Figure 1 .
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Testing Methods
The effective porosities (proportion of open pore and semi-open pore) of all mixtures were tested with mass method. The effective porosity was characterized by the average of three specimens and determined by the following equation,
where m0 is the mass of the specimen submerged in water (g); m1 is the saturated surface-dry mass of the specimen (g); ρ is the water density (g/cm 3 ), and V is the volume of the specimen (cm 3 ). The permeability coefficient was measured according to the national standard [37] with homemade instrument. The description of the permeability instrument is shown in Figure 2 . The test procedures of permeability coefficient are described in Figure 3 . In each group, the permeability was characterized by the average permeability coefficients of three specimens. The permeability coefficient can be calculated by the following equation, the specific parameters can be found in reference [36] . 
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where m0 is the mass of the specimen submerged in water (g); m1 is the saturated surface-dry mass of the specimen (g); ρ is the water density (g/cm 3 ), and V is the volume of the specimen (cm 3 ). The permeability coefficient was measured according to the national standard [37] with homemade instrument. The description of the permeability instrument is shown in Figure 2 . The test procedures of permeability coefficient are described in Figure 3 . In each group, the permeability was characterized by the average permeability coefficients of three specimens. The permeability coefficient can be calculated by the following equation, the specific parameters can be found in reference [36] . Compressive strength and flexural strength tests were conducted in accordance with the Chinese national standard GB/T 50081-2002 [38] . The compressive strength test was conducted with a hydraulic pressure testing machine. The sides of the specimen were used as the bearing surface for the compressive strength test. The loading rate for compressive strength was 5 kN/s and the load was applied until the specimen broke. The flexural strength was conducted with a closed-loop, servocontrolled hydraulic testing system. Three-point bending test was adopted to determine the flexural strength. The loading point is located in the midspan of the specimen, and the distance between the two support-points is 300 mm. The loading rate for flexural strength was 0.05 kN/s. In each group, three specimens were tested and the average compressive strength and flexural strength were calculated to characterize the strength properties. The compressive strength and flexural strength can be calculated by following equations, the specific parameters can be found in [36] .
The fast freezing method was adopted to conduct freeze-thaw cycles test based on the Chinese national standard GB/T 50082-2009 [39] . The test procedures can be described as: (a) place the prepared specimen into the specimen box and inject water into the box, the water should be 5 mm above the top surface of the specimen; (b) set the temperature and number of the freeze-thaw cycles; (c) conduct freeze-thaw test; (d) measure the compressive strength of the specimens after the specified number of freeze-thaw cycles. The level of freeze-thaw cycles was set to 25, 50, 75, and 100 cycles. In each freeze-thaw cycles level, three cubic specimens were used. The compressive strength after freeze-thaw cycles was measured and the compressive strength loss was chosen as the evaluation index for freeze-thaw resistance. The detailed explanation for choosing compressive strength loss can be found elsewhere [36] . The compressive strength after freeze-thaw cycles was characterized by the average strength of three specimens. Compressive strength loss at the corresponding level was calculated based on the compressive strength of specimens under 0 freeze-thaw cycle. The termination condition of freeze-thaw cycles was that the specimens underwent 100 cycles or the compressive strength loss exceeded 25%. The specimens of fly ash modified pervious concrete after 75 freeze-thaw cycles are shown in Figure 4 . Compressive strength and flexural strength tests were conducted in accordance with the Chinese national standard GB/T 50081-2002 [38] . The compressive strength test was conducted with a hydraulic pressure testing machine. The sides of the specimen were used as the bearing surface for the compressive strength test. The loading rate for compressive strength was 5 kN/s and the load was applied until the specimen broke. The flexural strength was conducted with a closed-loop, servo-controlled hydraulic testing system. Three-point bending test was adopted to determine the flexural strength. The loading point is located in the midspan of the specimen, and the distance between the two support-points is 300 mm. The loading rate for flexural strength was 0.05 kN/s. In each group, three specimens were tested and the average compressive strength and flexural strength were calculated to characterize the strength properties. The compressive strength and flexural strength can be calculated by following equations, the specific parameters can be found in [36] .
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The fast freezing method was adopted to conduct freeze-thaw cycles test based on the Chinese national standard GB/T 50082-2009 [39] . The test procedures can be described as: (a) place the prepared specimen into the specimen box and inject water into the box, the water should be 5 mm above the top surface of the specimen; (b) set the temperature and number of the freeze-thaw cycles; (c) conduct freeze-thaw test; (d) measure the compressive strength of the specimens after the specified number of freeze-thaw cycles. The level of freeze-thaw cycles was set to 25, 50, 75, and 100 cycles. In each freeze-thaw cycles level, three cubic specimens were used. The compressive strength after freeze-thaw cycles was measured and the compressive strength loss was chosen as the evaluation index for freeze-thaw resistance. The detailed explanation for choosing compressive strength loss can be found elsewhere [36] . The compressive strength after freeze-thaw cycles was characterized by the average strength of three specimens. Compressive strength loss at the corresponding level was calculated based on the compressive strength of specimens under 0 freeze-thaw cycle. The termination condition of freeze-thaw cycles was that the specimens underwent 100 cycles or the compressive strength loss exceeded 25%. The specimens of fly ash modified pervious concrete after 75 freeze-thaw cycles are shown in Figure 4 . 
Results and Discussion
The summary of the compressive strength, flexural strength, porosity, and permeability results with the standard deviations are tabulated in Table 5 , the freeze-thaw cycles results are shown in Table 6 . 
Porosity and Permeability
The effective porosities of fly ash modified pervious concrete are shown in Figure 5 . As can be seen, the incorporation levels of fly ash had little effect on the effective porosity of fly ash modified pervious concrete. This is because the cement was partially replaced by fly ash with equivalent volume method, thus the addition of fly ash did not cause the pore volume changes of the specimen. In addition, the effective porosities measured of all mixtures were less than the designed porosity of 15%. The pore in previous concrete is composed of open pore, semi-open pore, and closed pore, the effective porosity only included open and semi-open pore, so the effective porosity was generally lower than the total porosity. Sustainability 2018, 10, x FOR PEER REVIEW 4 of 13
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Porosity and Permeability
The effective porosities of fly ash modified pervious concrete are shown in Figure 5 . As can be seen, the incorporation levels of fly ash had little effect on the effective porosity of fly ash modified pervious concrete. This is because the cement was partially replaced by fly ash with equivalent volume method, thus the addition of fly ash did not cause the pore volume changes of the specimen. In addition, the effective porosities measured of all mixtures were less than the designed porosity of 15%. The pore in previous concrete is composed of open pore, semi-open pore, and closed pore, the effective porosity only included open and semi-open pore, so the effective porosity was generally lower than the total porosity. . The permeability coefficients of fly ash modified pervious concrete are also shown in Figure 5 . From Figure 5 , it can be concluded that the permeability coefficients were not affected by the dosage of fly ash. The permeability coefficients of all groups were about 3.8 mm/s, which is met the standard requirement of 0.5 mm/s for pervious concrete in the national standard [37] . Just as reported in the literature [35] , the porosity was the most important and direct factor that determined the permeability coefficient of pervious concrete, when the porosity did not change, the permeability would not change.
Compressive Strength
The compressive strength of the fly ash modified pervious concrete is shown in Figure 6 . It can be seen that the addition of fly ash reduced both 28 d-and 150-compressive strengths of the pervious concrete. With the increasing amount of fly ash, the 28 d-compressive strength of fly ash modified pervious concrete decreased rapidly. When the addition of fly ash changed from 0% to 12%, the compressive strength decreased from 22.2 MPa to 14.7 MPa, the compressive strength reduction was 7.5 MPa with the loss ratio of 33.8%. The adverse effect of fly ash on the 28 d-compressive strength has been also reported by other researchers. The main reason for the decrease in compressive strength caused by fly ash was, on one hand, the fly ash was added to partially replace the cement, which caused the decrease in the amount of cement. The decrease of cement resulted in the decrease of cement binder used to coat the aggregate and reduced the bonding force between aggregates. On the other hand, due to the water demand of fly ash, if there was no supplemental water, the addition of fly ash would reduce the water required for cement hydration. The reduction in water influenced the cement hydration degree and the incomplete cement hydration [40] weakened the bonding between coarse aggregates. All these decreased the compressive strength of fly ash modified pervious concrete. Compared with the control group, the 28 d-compressive of fly ash modified pervious concrete was obviously lower. The permeability coefficients of fly ash modified pervious concrete are also shown in Figure 5 . From Figure 5 , it can be concluded that the permeability coefficients were not affected by the dosage of fly ash. The permeability coefficients of all groups were about 3.8 mm/s, which is met the standard requirement of 0.5 mm/s for pervious concrete in the national standard [37] . Just as reported in the literature [35] , the porosity was the most important and direct factor that determined the permeability coefficient of pervious concrete, when the porosity did not change, the permeability would not change.
The compressive strength of the fly ash modified pervious concrete is shown in Figure 6 . It can be seen that the addition of fly ash reduced both 28 d-and 150-compressive strengths of the pervious concrete. With the increasing amount of fly ash, the 28 d-compressive strength of fly ash modified pervious concrete decreased rapidly. When the addition of fly ash changed from 0% to 12%, the compressive strength decreased from 22.2 MPa to 14.7 MPa, the compressive strength reduction was 7.5 MPa with the loss ratio of 33.8%. The adverse effect of fly ash on the 28 d-compressive strength has been also reported by other researchers. The main reason for the decrease in compressive strength caused by fly ash was, on one hand, the fly ash was added to partially replace the cement, which caused the decrease in the amount of cement. The decrease of cement resulted in the decrease of cement binder used to coat the aggregate and reduced the bonding force between aggregates. On the other hand, due to the water demand of fly ash, if there was no supplemental water, the addition of fly ash would reduce the water required for cement hydration. The reduction in water influenced the cement hydration degree and the incomplete cement hydration [40] weakened the bonding between coarse aggregates. All these decreased the compressive strength of fly ash modified pervious concrete. Compared with the control group, the 28 d-compressive of fly ash modified pervious concrete was obviously lower. MPa at 12% incorporation level and 1.5 MPa at 3% incorporation level. This was because the SiO2 in fly ash reacted with the cement hydration product (Ca(OH)2) and formed a pozzolanic C-S-H gel, which improved the bonding between the hardened cement binder and the aggregate. The higher the fly ash content, the more C-S-H gel. Thus, the compressive strength increase of high fly ash content group was higher than that of low fly ash content group. The reason for the increase in 150 d-compressive strength of fly ash-modified permeable concrete was that, as the age increased, The 150 d-compressive strength of fly ash modified pervious concrete increased at all addition levels compared to the 28 d-compressive strength. The 3% fly ash modified group had the maximum 150 d-compressive strength of 21.5 MPa, which was comparable to the control group with compressive strength of 22.2 MPa. 12% fly ash modified group had the 150 d-compressive strength of 17.4 MPa. The increases of compressive strength between 28 d-and 150 d-compressive strength were 2.7 MPa at 12% incorporation level and 1.5 MPa at 3% incorporation level. This was because the SiO 2 in fly ash reacted with the cement hydration product (Ca(OH) 2 ) and formed a pozzolanic C-S-H gel, which improved the bonding between the hardened cement binder and the aggregate. The higher the fly ash content, the more C-S-H gel. Thus, the compressive strength increase of high fly ash content group was higher than that of low fly ash content group. The reason for the increase in 150 d-compressive strength of fly ash-modified permeable concrete was that, as the age increased, the cement was further hydrated and the hydration degree increased gradually, the adhesion property of the cementitious material increased and the bonding force between aggregates enhanced, thus the compressive strength was increased. Although the addition of fly ash reduced the compressive strength of pervious concrete, the 28 d-compressive strength of fly ash modified pervious concrete with 12% fly ash content still reached 14.7 MPa, which could fully meet the requirements of non-loaded pavements, such as pedestrian path, parking lots, and park roads. the cement was further hydrated and the hydration degree increased gradually, the adhesion property of the cementitious material increased and the bonding force between aggregates enhanced, thus the compressive strength was increased. Although the addition of fly ash reduced the compressive strength of pervious concrete, the 28 d-compressive strength of fly ash modified pervious concrete with 12% fly ash content still reached 14.7 MPa, which could fully meet the requirements of non-loaded pavements, such as pedestrian path, parking lots, and park roads. It can be seen from the above results that the compressive strength and flexural strength of fly ash modified pervious concrete had a great relationship with the age, and the strength gradually increased with the increasing age. The early-age strengths were low and the long-term strengths could achieve desired increase. The strength time-varying was existed for fly ash modified pervious It can be seen from the above results that the compressive strength and flexural strength of fly ash modified pervious concrete had a great relationship with the age, and the strength gradually increased with the increasing age. The early-age strengths were low and the long-term strengths could achieve desired increase. The strength time-varying was existed for fly ash modified pervious concrete, which was consistent with what has been reported in fly ash modified ordinary concrete. Figure 9 shows the relationship between compressive strength and freeze-thaw cycles of fly ash modified pervious concrete. The compressive strengths of all fly ash modified groups decreased with the increasing freeze-thaw cycles, which indicated the freeze-thaw resistance of fly ash modified pervious concrete was reduced. Compressive strength of 12% fly ash modified group rapidly decreased from 14.7 MPa to 10.7 MPa (27.2% strength loss) under 50 freeze-thaw cycles. The compressive strength losses of fly ash modified pervious concrete under freeze-thaw cycles are shown in Figure 10 . Based on Figure 10 , it can be concluded that the compressive strength losses of fly ash modified pervious concrete increased with the increase of freeze-thaw cycles. When the freeze-thaw cycles were same, the compressive strength losses of fly ash modified pervious concrete increased with the increasing content of fly ash. Compared with the control group, fly ash modified pervious concrete had higher compressive strength loss, and the higher the fly ash incorporation level, the higher the compressive strength loss, which indicated that the addition of fly ash was negative to the freeze-thaw resistance of pervious concrete. The freeze-thaw resistance of fly ash modified pervious concrete with different fly ash incorporation level was quite different, the compressive strength loss of 12% fly ash modified group rapidly exceeded 25% just undergoing 50 freeze-thaw cycles, the other three fly ash modified mixtures only experienced 75 freeze-thaw cycles. Compared to the control group, the addition of fly ash reduced the freeze-thaw resistance of pervious concrete. Figure 4 shows the fly ash modified pervious concrete specimens after 75 freeze-thaw cycles. Based on Figure 4 , we can see that the specimen appearance features of control group and fly ash modified groups were obviously different. The specimen shape of control group under 75 freeze-thaw cycles was basically intact, but for the specimens of fly ash modified pervious concrete, the mass loss appeared at different degrees, especially the specimens with 12% fly ash content. This is mainly because the addition of fly ash decreased the bonding between the aggregates, which resulted in easy deterioration and decay of freeze-thaw resistance. 
Flexural Strength
Freeze-Thaw Resistance
Conclusions
Sustainable pavement materials-fly ash modified pervious concrete, were prepared and investigated in the lab. Porosity, permeability, early-age (28 d) strength, long-term (150 d) strength, and freeze-thaw resistance of pervious concrete were tested. The influences of fly ash on pervious concrete properties were analyzed. Based on test results, the following conclusions can be drawn.
•
The fly ash modified pervious concrete designed with equivalent volume replacement of cement did not affect the effective porosity, thus the permeability of pervious concrete hardly changed with the content of fly ash compared to the unmodified control pervious concrete.
•
The early-age compressive strength and flexural strength of fly ash modified pervious concrete was decreased by the addition of fly ash. The higher content of fly ash, the lower compressive strength and flexural strength. Compared to the early-age compressive strength and flexural strength, the long-term compressive strength and flexural strength increased at all fly ash incorporation levels, which indicated that the age had an important effect on the strengths of fly ash modified pervious concrete.
The addition of fly ash significantly decreased the freeze-thaw resistance of pervious concrete. The compressive strength loss of fly ash modified pervious concrete under freeze-thaw cycles was higher than the unmodified control pervious concrete. The freeze-thaw resistance of fly ash modified pervious concrete decreased with the increasing fly ash content. 
Conclusions
•
The addition of fly ash significantly decreased the freeze-thaw resistance of pervious concrete. The compressive strength loss of fly ash modified pervious concrete under freeze-thaw cycles was higher than the unmodified control pervious concrete. The freeze-thaw resistance of fly ash modified pervious concrete decreased with the increasing fly ash content.
Although fly ash was not positive to the properties of pervious concrete, it was still feasible to apply fly ash as a substitute for cement in pervious concrete. 
